Background: A new immunoassay for free light chain measurements has been reported to be useful for the diagnosis and monitoring of monoclonal light chain diseases and nonsecretory myeloma. We describe experience with and some potential pitfalls of the assay. Methods: The assay was assessed for precision, sample type and stability, recovery, and harmonization of results between two analyzers on which the reagents are used. Free-light-chain concentrations were measured in healthy individuals (to determine biological variation), patients with monoclonal gammopathy of undetermined significance, myeloma patients after autologous stem cell transplants, and patients with renal disease. Results: Analytical imprecision (CV) was 6 -11% for and free-light-chain measurement and 16% for the calculated / ratio. Biological variation was generally insignificant compared with analytical variation. Despite the same reagent source, values were not completely harmonized between assay systems and may produce discordant free-light-chain ratios. In some patients with clinically stable myeloma, or post transplantation, or with monoclonal gammopathy of undetermined significance, free-light-chain concentration and ratio were within the population reference interval despite the presence of monoclonal intact immunoglobulin in serum. In other patients with monoclonal gammopathy of undetermined significance, values were abnormal although there was no clinical evidence of progression to multiple myeloma. Conclusions: The use of free-light-chain measurements alone cannot differentiate some groups of patients with monoclonal gammopathy from healthy individuals. As with the introduction of any new test, it is essential that
Currently there is no satisfactory method to diagnose and monitor patients with light-chain myeloma, nonsecretory myeloma (NSM), 3 or primary (AL) amyloidosis. An assay for serum free light chains (FLCs) has recently become available commercially for use as a marker for monoclonal gammopathies. FLC testing is more sensitive for the detection of monoclonal light-chain diseases and NSM than previous tests. It can detect two-thirds of NSMs (1 ) that were previously missed unless more complex and expensive bone marrow investigations were performed and may permit the earlier detection of Bence Jones protein (BJP) myeloma (2 ) . The increased sensitivity of the new test over current methods may also permit increased detection of monoclonal FLCs in AL amyloidosis, with 88 -98% of the monoclonal protein reported to be detected by FLC measurement compared with the 76 -79% detected by traditional electrophoretic and immunofixation methods (3, 4 ) . Another potential use is earlier identification of disease recurrence in myeloma and amyloid patients after chemotherapy or transplantation (5 ) and the recurrence of myeloma for patients in apparent complete remission after autologous peripheral blood stem cell transplantation (PBSCT) (6 ) . Importantly, the quantification of serum FLCs can be used to monitor monoclonal light-chain disease, NSM, and AL amyloidosis (3, 5 ) and has the potential to reduce the number of bone marrow biopsies that are performed at regular intervals in these patients.
We have identified several practical issues for the analytical measurement of FLCs in serum. Many of these issues are common to all new immunoassays but are especially important when there is a single reagent source and no international standard. 
Analytical Issues
We describe various analytical and preanalytical issues that may affect the performance and clinical interpretation of FLC measurements in serum and discuss the potential pitfalls of this new immunoassay.
method harmonization
In a FLC comparison study of the Immage and ProSpec analyzers using 37 patient samples, Deming regression analysis of FLC concentrations indicated some degree of divergence in results between methods for FLC (KFLC) and FLC (LFLC) concentrations. For KFLCs in the low measuring range (3.5-19 mg/L), the regression for the ProSpec vs the Immage was: ProSpec KFLC ϭ 1.09(Immage KFLC) Ϫ 1.6 mg/L (R 2 ϭ 0.81; n ϭ 24); for LFLCs in the measuring range 3.7-26 mg/L, the regression was: ProSpec LFLC ϭ 1.28(Immage LFLC) Ϫ 2.4 mg/L (R 2 ϭ 0.87; n ϭ 29). The mean difference between methods for KFLC concentration was Ϫ0.7 mg/L (95% confidence interval, Ϫ4.7 to 3.3 mg/L), and for LFLC concentration, the mean difference was 0.8 mg/L (Ϫ4.2 to 5.8 mg/L). For higher KFLC concentrations (20 -168 mg/L), the regression was: ProSpec KFLC ϭ 1.24(Immage KFLC) Ϫ 11.0 mg/L (R 2 ϭ 0.95; n ϭ 12); for LFLC in the range 29 -100 mg/L, the regression was: ProSpec LFLC ϭ 1.17(Immage LFLC) ϩ 3.3 mg/L (R 2 ϭ 0.96; n ϭ 7). The mean differences between methods were 1.5 mg/L (95% confidence interval, Ϫ22.2 to 25.2 mg/L) for KFLC concentration and 11.3 mg/L (Ϫ0.5 to 23.1 mg/L) for LFLC concentration, with the difference for LFLC with the ProSpec assay being positive.
For the / (K/L) FLC ratio, the mean difference for 36 samples was Ϫ0.06 (95% confidence interval, Ϫ1.5 to 1.4). Concordance for the K/L FLC ratio calculated from KFLC and LFLC concentrations measured for 33 samples with the Immage and ProSpec assays is shown in Fig. 1 for ratios up to 3. 
over-or underestimation of flc concentration
The measurement of any monoclonal protein (M-protein), including FLCs, is subject to possible over-or underestimation on dilution in immunonephelometric and immunoturbidimetric assay immunochemical methods (8 ) and should be recognized as a potential source of error when measuring any M-protein. Intact monoclonal IgM protein is especially prone to overestimation by immunonephelometric assays because of differences in the immunoreactivity of monoclonal IgM compared with the polyclonal IgM calibrator. Such nonparallel immunoreactivity can potentially occur for any intact monoclonal immunoglobulin or FLC on dilution (9 ) and is a property of the M-protein. The extent of this nonparallelism may vary among methods and can yield different measured Mprotein concentrations (8 ) . A nonlinear assay response may also contribute to a lower recovery of FLCs on dilution of the M-protein. For example, our preliminary data showed a recovery of 62% for KFLCs for the 10-fold dilution of a monoclonal serum BJP measured by the ProSpec assay and 85% recovery by the Immage assay. We therefore speculate that monitoring of the FLC concentration over time in some patients is likely to be susceptible to variation depending on the selected sample dilution and the nature of the monoclonal FLC.
Serum FLC values may not correspond to the Mprotein concentration quantified from electrophoretic patterns by use of densitometry and total protein or globulin concentration. If monoclonal FLCs undergo polymerization in serum, the M-protein may not be visible as a discrete band on electrophoresis but is present as a smear of different FLC polymeric forms (10 ) . It has been reported from gel filtration analysis that in sera from patients with NSM and multiple myeloma (MM), FLCs may exist in multimeric forms in addition to the usual KFLC monomers and LFLC dimers present in serum (9, 11 ) . A nephelometric overreading of FLC concentration of between 1.5-and 3.5-fold has been reported for NSM sera relative to other myeloma sera (11 ) . In a patient with an M-protein concentration of 23 g/L, determined by electrophoresis and consisting of light chain dimers, the LFLC concentration was measured at 344 g/L and was overestimated because of the reaction of trimolecular aggregates of the monoclonal FLC with the antibody (9 ) .
Monoclonal FLC concentrations may be similarly overestimated in urine with values higher than those quantified by electrophoresis and total urine protein concentration. Urinary FLC concentrations were reported to be 3-1609% higher by immunoassay compared with estimation by electrophoresis and the sodium dodecyl sulfatepyrogallol red-molybdate protein assay (12 ) and up to 185% higher compared with electrophoresis and benzethonium chloride protein assay (data from our own studies). A lower reactivity of the protein reagent to monoclonal FLC in urine compared with albumin may be one reason for the discrepancy. Generally, urinary protein reagents do not show equal reactivity for albumin, ␥-globulin, and tubular proteins (13 ) , with BJPs reported to be underestimated by 32-48% in a pyrogallol red-molybdate protein assay (14 ) .
imprecision of flc measurements
KFLC and LFLC values in healthy individuals occur at the low end of the measuring range, with the manufacturer's reference intervals being 3-19 mg/L for KFLC and 6 -26 mg/L for LFLC. Typically, in myeloma the monoclonal FLC is increased above the upper limit of the reference interval and the other, normal FLC may be within the reference interval, suppressed below the lower limit of the range, or increased if there is concurrent renal impairment. In myeloma patients who have received autologous stem cell transplants and are in complete remission, the monoclonal FLC concentration is usually within the reference interval, and the K/L FLC ratio normalizes. Performance specifications require immunoassays to show acceptable precision and linearity over the measuring range of the assay as well as suitable analytical sensitivity. The use of the latex-enhanced FLC polyclonal antibody is designed to decrease assay lower limit of detection to a FLC concentration of 2-3 mg/L. However, unless the analyzer cuvettes are washed regularly or are disposable, the polystyrene latex particles and their protein complexes can coat the cuvette surface and adversely affect assay precision. Imprecision for the Immage FLC assays was determined with the manufacturer's quality controls and a fresh-frozen serum from a healthy individual. The between-run CV was 10%, 7.4%, 7.3%, and 6.0% at KFLC concentrations of 7.1, 13.5, 27.2, and 39.7 mg/L (13-21 runs; three different reagent lots), respectively, and 11%, 11%, and 7.6% at LFLC concentrations of 10.6, 27.2, and 53.4 mg/L (13-21 runs; two different reagent lots), respectively (data from our own studies). Imprecision can increase if the instrument manufacturer's suggestions for cuvette washing are not followed. Without daily washing of the Immage cuvettes with the manufacturer's wash diluent, CVs as high as 19% and 35% were observed for KFLC and LFLC assays, respectively (our own data). To achieve maximally low imprecision for FLC assays performed on analyzers with reusable cuvettes, it is desirable to wash the cuvettes daily, in particular before FLC analyses, followed by a recalibration before proceeding with the batch analysis of patient samples. In our hands this procedure reduced imprecision, especially at the low end of the FLC measuring range.
The imprecision of either or both KFLC and LFLC measurements accentuates the error in the K/L ratio and leads to clinical uncertainty. For a K/L FLC ratio of 0.67 (7.1 mg/L KFLC and 10.6 mg/L LFLC), which is within the reference interval, total analytical imprecision (CV) was 15.5% and yielded a 95% confidence interval of 0.47-0.87 (15 ) . The three clinically discordant K/L FLC ratios shown in Fig. 1 may be partly explained by assay imprecision. Taking into account total imprecision of the ratio determined at relevant FLC concentrations with the ProSpec assay, the 95% confidence intervals for K/L ratios of 0.25, 1.67, and 1.62 were 0.19 -0.31, 1.27-2.07, and 1.26 -1.98, respectively. For the same samples assayed by the Immage assay, the confidence intervals for K/L ratios of 0.46, 1.09, and 2.83 were 0.37-0.55, 0.77-1.41, and 2.00 -3.66, respectively, and were dissimilar from the ProSpec ratio for two of the three samples. Ratios that border on the cutoff limits of the reference interval may be misclassified as normal or abnormal, and one might expect other discordant results by simply repeating the assay on those samples with ratios close to the reference limits. Because of the method imprecision, borderline low or high samples should be repeat tested to verify clinical classification.
preanalytical issues
Together with analytical imprecision, preanalytical variables such as specimen type and stability and biological variation may contribute to the variation in FLC measurements within individuals and may add to clinical uncertainty. The effect of sample stability and specimen type was tested. In a small study, serum and lithium-heparin plasma samples were collected from six individuals with and without serum M-protein, and FLC concentrations measured with the Immage assay were compared between sample types. No statistically significant difference was observed between serum and plasma when FLC values were analyzed by the two-tailed paired t-test. The mean (SD) KFLC value for serum was 25.4 (13.8) mg/L, and for lithium-heparin plasma it was 25.6 (13.9) mg/L (P Ͻ0.65). The mean (SD) LFLC value for serum was 85.8 (146.2) mg/L, and for lithium-heparin plasma it was 86.0 (146.6) mg/L (P Ͻ0.54).
Stability of FLCs in serum was assessed after storage of serum or lithium-heparin plasma at 2-8°C, Ϫ20°C, and Ϫ70°C for 1 week. FLC concentrations were determined in the stored samples collected from four individuals with and without M-protein, and values were compared with those obtained after storage of up to 24h at 2-8°C. No statistically significant difference was observed between the FLC values for samples stored at the three temperatures for 1 week when compared with the fresh or 1-day-old samples (KFLC and LFLC in fresh samples vs samples stored at 2-8°C for 1 week, P Ͻ0.38; vs samples stored at Ϫ20°C, P Ͻ0.39; vs samples stored at Ϫ70°C, P Ͻ0.34). The variations in FLC concentrations for the 4 individuals was 2.7-8.0%, and the variation for the K/L ratio was 3.8 -11.4%, with the greatest variation occurring in a BJP myeloma patient with increased KFLCs (measured values, 2144 -2411 mg/L) and low-normal LFLC concentrations (6.0 -7.0 mg/L).
biological variation
No data are currently available in the literature on the biological variation of serum FLCs. In a group of 10 apparently healthy individuals with normal renal function (five males, 26 -50 years of age; five females, 23-50 years of age), singlicate FLC measurements of two serum samples collected up to 8 days apart from each individual were analyzed within the one run in the ProSpec assay. Subtraction of within-run FLC imprecision from the total imprecision gave intraindividual CVs Ͻ2.5% for KFLC, LFLC, and K/L FLC ratio in 8 of 10 individuals. In the two other individuals, variation of the K/L ratio was 7-8% and reflected a variation of 11-17% in KFLC concentration. Because the biological variation was generally insignificant compared with the analytical variation, a lowering of the FLC assay imprecision would be productive and reduce measurement uncertainty. This is particularly desirable within the FLC reference interval.
Clinical Issues
Information about serum FLC measurement in nonsecretory myeloma, monoclonal light chain diseases, and reference populations is reported in the literature (1-5, 7) , but there is limited data about FLCs in renal disease, monoclonal gammopathy of undetermined significance (MGUS), and myeloma patients after autologous stem cell transplants.
intercurrent illness and flc concentration
Increased FLC concentrations can occur not only when M-proteins are present but also when immunoglobulin synthesis is increased, such as in autoimmune diseases, e.g., systemic lupus erythematosus, or when kidney function is decreased and FLCs are retained for a longer time in the blood circulation. In a group of 13 patients with acute or chronic renal failure of various etiologies, including secondary amyloidosis, and end-stage renal failure on hemodialysis, FLC concentrations were increased in all patients, but the K/L FLC ratio was within the population reference interval (KFLC, 45-166 mg/L; LFLC, 32-347 mg/L; K/L ratio, 0.35-1.39). It has been shown that dialysis does not normalize increased serum concentrations of FLC in end-stage renal failure patients (16 ) . In the presence of a plasma cell dyscrasia, such as MM, NSM, or AL amyloidosis, an increased serum concentration of the abnormal, monoclonal FLC is expected (1-4 ) . In a few of these cases, FLC concentrations may be within the reference interval although the K/L ratio may be abnormal (1 ). It is therefore important to incorporate the calculated K/L FLC ratio with FLC concentrations when interpreting clinical results.
monoclonal gammopathies
Other patient groups for which serum FLC measurement is likely to be useful and possibly an earlier marker of disease relapse or progression of MM include autologous PBSCT-treated myeloma patients in complete remission (17 ) and patients with MGUS. Serum K/L FLC ratios in a group of 10 myeloma patients who had received autologous stem cell transplant and were in complete remission (47-68 years) were 0.55-1.18 and within the manufacturer's population reference interval of 0.26 -1.65, although FLC concentrations were not normalized in all patients (KFLC, 7-30 mg/L; LFLC, 13-42 mg/L). However, clinically stable PBSCT-treated myeloma patients who show no evidence of myeloma on bone marrow biopsy 6 -12 weeks after transplantation but have residual M-protein can also have normalized K/L ratios. In eight patients with stable disease and intact serum immunoglobulin the K/L ratio was 0.62-2.9; for monoclonal M-protein, the K/L ratio was 0.23-0.96).
In MGUS patients, the K/L FLC ratio and concentration may be within population reference intervals despite the presence of monoclonal intact immunoglobulin concentrations Յ30 g/L in serum (18 ) . The use of FLC measurements alone cannot differentiate this group from healthy individuals. Conventional serum/urine protein electrophoresis and immunofixation testing is still required in this patient group to detect M-protein. In a group of 32 MGUS patients (10 males, 40 -73 years of age, 0 -17 years since diagnosis; 22 females, 45-79 years of age, 0 -22 years since diagnosis) with a current serum Mprotein concentration of 1-22 g/L and clinically stable disease, the KFLC concentration was 7-1018 mg/L, the LFLC concentration was 9 -211 mg/L, and the K/L ratio ranged from 0.10 to 48 (Table 1 ). In 6 of 13 patients with monoclonal M-protein, the K/L ratio was Ͼ1.65, and in 3 of 19 with monoclonal M-protein, the ratio was Ͻ0.26. Where urine samples were available for analysis, at or Table 1 . Serum KFLC, LFLC, and M-protein concentrations, urine BJP, and K/L FLC ratios for 32 MGUS patients.
Years since diagnosis before the time of FLC testing, BJP was detected in the urine of 10 MGUS patients, whereas immunofixation electrophoresis detected BJP in the serum of 2 of these patients ( Table 1 ). Five of the 10 patients had an abnormal K/L FLC ratio, and 104 mg of BJP was excreted per day by the individual with a ratio of 48. However, BJP was also present in five other MGUS patients with ratios within the reference interval; one of these patients excreted 47 mg of BJP per day. Although BJP may be present in MGUS patients with FLC ratios within the reference interval, we speculate from these preliminary data that urinary BJP is likely to be present in MGUS patients with abnormal serum FLC ratios. It is possible that an abnormal FLC ratio in combination with urine BJP may predict those MGUS patients who are likely to progress to MM. Larger studies and longer follow-up times are required to confirm the significance of these findings.
Conclusions
The use of serum FLC measurements offers great promise for the investigation of monoclonal gammopathies, in particular NSM and AL amyloidosis, which are notoriously difficult to diagnose and monitor after treatment.
As with the introduction of any new test, there are some reservations because the assay is not 100% sensitive or specific when used in isolation. It is essential that more scientific data about the use of this assay in different subject groups and its potential pitfalls are available before the test is used routinely in clinical laboratories. In addition, no international standard for FLC is available. At this time, only one manufacturer is producing the assay; therefore, between-method standardization is not relevant. However, as other commercial FLC assays are produced, it would be desirable that there is harmonization of FLC values among methods and that diagnostics manufacturers seek traceability of their master calibrators to The Binding Site's primary, secondary, or tertiary standards (19 ) .
